Purpose: Patients scheduled to undergo the transcatheter aortic valve replacement (TAVR) are usually octogenarians with severe co-morbidities and an increased risk of surgery-associated complications. The aim of this study was to determine the incidence of insufficient oxygen delivery as measured by mixed venous oxygen saturation (SvO 2 ) via invasive continuous cardiopulmonary monitoring and the low cardiac output syndrome (LCOS) in patients undergoing the TAVR procedure. The second objective was to examine how these hemodynamic measurements would change during critical events, such as rapid ventricular pacing (RVP) during this procedure. Methods: This prospective, observational study, examined twenty patients undergoing TAVR under general anesthesia. Hemodynamic variables, SvO 2 and the continuous cardiac output (CO) were assessed using pulmonary artery catheter (PAC) and a Vigilance ® monitor. Insufficient oxygen delivery was defined as a SvO 2 value under 58% and LCOS as a cardiac index (CI) under 2 L/min/m 2 . Total intravenous anesthesia and hemodynamic management protocol were standardized. RVP was induced twice during the procedure at a frequency of 180 -200/min. Predefined clinical endpoints were assessed during the procedure and hemodynamic values were analyzed before and after twelve critical events. Results: The data of twenty patients with a mean age of 80 ± 4 years and EuroSCORE 18 ± 10 were analyzed. Fourteen (70%) of the TAVR procedures were performed transapically, the other six (30%) transfemorally. The SvO 2 value under 58% (mean 54 ± 6) and the CI under 2 L/min/m 2 (mean 1.6 ± 0.2) were detected in 60% of patients (n = 12) before the use of RVP. All of these patients received perioperative inotropic medication and required norepinephrine infusion for maintenance of adequate blood pressure. The SvO 2 , CO and CI were significantly decreased after the use of RVP (P < 0.001 and P < 0.03). The SvO 2 reverted rapidly to the same level as before the application How to cite this paper: Musialowicz, T., Ellam, S., Valtola, A., Halonen, J. and Lahtinen, P. (2019) Mixed Venous Oxygen Saturation during the Transcatheter Aortic Valve Replacement-A Prospective Cohort Study. Open Journal of Anesthesiology, 9, [140][141][142][143][144][145][146][147][148][149][150][151][152][153] of RVP (1 min), CO, and CI 10 min later. At the end of the operation SvO 2 values were at same level as before RVP and CO and CI were higher than before RVP. Conclusion: A high incidence of insufficient oxygen delivery and low cardiac output syndrome were detected in patients undergoing TAVR procedures. Nonetheless, all hemodynamic values returned rather rapidly to the same level as before the use of the RVP and were at the optimal level at the end of the procedure. According to the current study, the most hemodynamically hazardous steps during TAVR are the use of RVP sequences, the induction of anesthesia and the initiation of surgery.
Introduction
Transcatheter aortic valve replacement (TAVR) has become a standard treatment for those patients with symptomatic aortic stenosis (AS) who are not candidates for open-heart surgery [1] [2] . Many patients scheduled for the TAVR treatment are octogenarians with severe co-existing diseases and a high risk of suffering surgery-associated complications. Left heart hypertrophy with left ventricular dysfunction is common in this patient group [3] ; thus the initiation of general anesthesia and the hemodynamic management are demanding. The goal of hemodynamic management is typical for the AS patients: tachycardia should be avoided to allow adequate diastolic time; fluid administration should be carefully titrated to guarantee an adequate preload to the hypertrophic left ventricle, and systemic blood pressure must be maintained with vasopressor agents at a level to ensure coronary perfusion since hypotension is poorly tolerated [4] . The control of the heart rhythm and blood pressure during the deployment of the aortic stent-valve necessitates the use of rapid ventricular pacing (RVP) [5] , which inhibits cardiac ejection, transvalvular flow and cardiac motion, in order to provide stability for valve installation. Most of the transfemoral TAVR (TF-TAVR) procedures are performed under monitored anesthesia care with sedation, but many patients are treated also with general anesthesia, with cases of transapical TAVR (TA-TAVR) [6] . Adequate hemodynamic monitoring is essential for guiding hemodynamic management and thus invasive blood pressure monitoring and central venous access are routinely applied. In order to maintain tissue oxygenation, SvO 2 has been used as a marker to assess the adequacy of the circulation [7] in cardiac surgery patients but, there are rather few studies describing continuous SvO 2 monitoring during TAVR procedures [8] [9]. Low SvO 2 values were associated with higher morbidity and mortality after cardiac surgery [10] [11] [12] . In the study of Holm et al., [13] 
Patients and Methods
The Ethics Committee of the Northern Savo Hospital District approved this study and all patients provided written informed consent. All patients scheduled for the elective TAVR procedure, during the one-year period, were included.
There were no exclusion criteria and no contraindications for general anesthesia were applied. Patients were pre-medicated with 0.1 mg•kg −1 of diazepam one hour before the induction of anesthesia, and they received their routine beta-blockers and long-acting nitrates. In the operating theatre the standard monitoring, including the five-channel electrocardiogram and pulse oximetry, was initiated. Two peripheral intravenous cannulas were inserted into the arm veins and a radial artery cannula was inserted for direct blood pressure monitoring. 
Anesthesia and Hemodynamic Management
Total intravenous anesthesia (TIVA) was induced with 1.0 -1.5 mg·kg -1 of propofol, 2.0 µg·kg −1 of fentanyl, 0.1 mg·kg −1 of cis-atracurium. For monitoring the depth of anesthesia, the M-ENTROPY ® Module of the S/5 Anesthesia Monitor (GE Healthcare, Helsinki, Finland) was used. The data of spectral entropy parameters from the same patients group have been published previously [18] . After Open Journal of Anesthesiology tracheal intubation, the lungs were ventilated with a mixture of oxygen and air (50%), targeting an end-expiratory carbon dioxide of 4.5 -5.0 kPa and minimal SpO 2 saturation 92%. During the RVP and aortic valve dilatation, ventilation was discontinued transiently. All patients were ventilated with 100% oxygen for a few minutes before and after RVP periods. Anesthesia was maintained with an infusion (2 -8 mg/kg/h) of propofol aiming at a state entropy of under 60 [19] .
An infusion of fentanyl of 2 μg/kg/h with a rescue bolus dose of 1 μg/kg was used for analgesia. A bolus of heparin (100 IU/kg) was given to ensure an acti- 
Statistical Analysis
Results and patient characteristics are presented as the number of patients (percent), mean, standard deviation (SD), or range as indicated. No formal sample size calculation was performed, because of the descriptive nature of the study, and unknown prevalence of the insufficient oxygen delivery and low cardiac output syndrome during TAVR procedures from previous studies. Analysis of Open Journal of Anesthesiology variance for repeated measures (ANOVA) was used to detect significant changes in variables over time. The data normality assessment was assessed by Kolmogorov-Smirnov test. Data at different time points were compared with T-Test and a P value < 0.05 was considered statistically significant. All the statistical procedures were performed with the SPSS 22.0 statistical package for Windows (SPSS Inc, Chicago, Illinois, USA).
Results
Twenty-one patients were initially included in this study, but we were unable to insert the PAC catheter into one patient and thus he was excluded. The SvO 2 and CI and CO data was available from 20 patients with a mean age of 80 ± 4 years and a EuroSCORE 18 ± 10. The mean aortic valve area before the operation was 0.5 ± 0.2 cm 2 and the mean AV peak gradient was 85 ± 19 mmHg. Fourteen patients (70%) underwent TA-TAVR with the other six (30%) being treated with TF-TAVR. The preoperative demographic data and co-morbidities of the patients are presented in Table 1 . 2) were detected in 60% of patients (n = 12). The SvO 2 was significantly increased (P < 0.001) after the induction of anesthesia but it declined after surgical incision (P < 0.02) and twice during the use of RVP (P < 0.001; Figure 1 ). The RVP included two episodes; these had a total time for pacing of 16 ± 4 s during balloon valvuloplasty and 24 ± 6 s during stent release. The variabilities in blood pressures and heart rate are presented in Figure 2 . We also analyzed the SvO 2 values at 10 min after RVP with the mean value being 70% ± 10%; (P < 0.1) at the end of the procedure, the mean SvO 2 value was 67% ± 15% (P < 0.6). CO and CI decreased significantly after the induction of anesthesia (P < 0.004), and at 1 min and 5 min after RVP (P < 0.03; P < 0.004) whereas it increased after surgical incision (P < 0.01; Figure 3 ). At the end of procedure the mean CI was elevated to 2.1 ± 0.7 L/min/m 2 (P < 0.007) and mean CO to 3.8 ± 1.3 L/min (P < 0.009) when compared with values before RVP. All 12 patients with low SvO 2 and CI values received perioperative inotropic and vasoconstrictive medication (dobutamine and norepinephrine). The perioperative data and time courses of the TAVR procedures are shown in Table 2 . There were no complications related to the PAC insertion and aortic valve implantation was successful in all patients. None of the patients required hemodynamic support from the CPB device. . Cardiac output (CO) and Cardiac index (CI) during different phases of the TAVR procedure. 1) baseline before the induction of anesthesia; 2) 1 min after the induction of anesthesia; 3) before intubation; 4) 1 min after intubation; 5) before surgical incision; 6) 1 min after surgical incision, 7) before the dilatation of the aortic valve; 8) 1 min after the dilatation of the aortic valve with RVP; 9) before the release of the aortic valve prosthesis; 10) 1 min after the release of the valve prosthesis with RVP; 11) 5 min after the release of the aortic valve stent; 12) 10 min after the release of aortic valve stent. Date are mean ± SD. *Significant differences before and after specific time points P < 0.05. Open Journal of Anesthesiology Data are mean ± SD or the number of patients. 
Discussion
A high incidence of insufficient oxygen delivery and the low-cardiac-outputsyndrome (60%) during TAVR procedures was detected in this study. The second result of our study was that all hemodynamic values SvO 2 , CO and CI declined significantly after the RVP sequences and aortic valve stent deployment, however the decreases were only transient. The parameters increased rapidly to the values before RVP, SvO 2 after 1 min and at the end of procedure the CI and CO were even better than before RVP and the release of the aortic stent. The patients selected for the TAVR protocol for replacement of stenotic aortic valve tend to be older, have more associated co-morbidities and therefore have a higher risk, for surgery-related complications, even though this procedure has lately become an option also for patients with an intermediate surgical risk [2] . During the procedure, the most challenging and even life threatening events are the RVP and the subsequent compromised hemodynamic situation as well as it possible complications of the valve implantation e.g. cardiac insufficiency, aortic dissection, and coronary compromise due to valve obstruction of the coronary orifices [3] . Despite these potential complications, the TAVR protocol has appeared to be a relatively safe method of aortic valve replacement and is nowadays performed mostly under local anesthesia with minimal sedation [20] . However, some patients undergoing TAVR still need general anesthesia and hemodynamic support with inotropic agents and vasoconstrictor drugs.
In this prospective cohort study, we frequently found low SvO 2 values in over half of the patients before and after RVP episodes, lasting in the majority of patients at least as long as one minute after the pacing episode. However, these pe- [7] and it is a good marker of the adequacy of the systemic circulation.
The normal values of the SvO 2 lie between 65% and 80% [7] [21] . The associations between low SvO 2 and increased mortality and morbidity and an increased length of ICU stay after cardiac surgery, have been demonstrated in many studies [7] . In the study of Holm et al., [13] that examined 396 patients after aortic Little is known about the impact of the RVP on the SvO 2 and CO and the other different steps of the TAVR procedure. The most critical time points in TAVR procedures are considered to be occur due to RVP and the loss of the cardiac ejection after aortic valve dilatation, and also as well during and after crimped prosthesis implantation. In an earlier study, low SvO 2 values below 65% before RVP were identified as a predictor of prolonged hemodynamic compromise defined as a recovery of SvO 2 > 65% and systolic blood pressure > 90 mm Hg [22] .
In that study, there was prolonged recovery time after RVP of over 60 seconds.
In the current study, 60% of patients had low SvO 2 values before RVP and inotropic and vasoconstriction medication was started before RVP use, such that according to the definition of the earlier study, most of them recovered, in the first minute post-RVP, however in some patients, the values of SvO 2 remained low also after RVP.
It has been reported that low SvO 2 prior to RVP was associated with prolonged hemodynamic recovery immediately after RVP for valve-stent deployment [9] . In that study, three patients needed CPB support due to circulatory collapse, as they were unresponsive to hemodynamic support by drugs. In contrast, to this study, none of the patients in our current study needed CPB support. This may be due to our more liberal use of dobutamine for inotropic support in 60% of patients as compared to 40% receiving dopamine in the previous study [9] . Our patients could be considered to be suffering from even more Open Journal of Anesthesiology co-morbidities and a lower ejection fraction than the patients examined by Iritakeneshi et al. Most of our patients (70%) were operated transapically as compared to 40% of patients in that other study. However, due to the limited number of patients in both studies, no definitive conclusions can be drawn based on the predictive value of prolonged low SvO 2 or the benefits of the more liberal administration of inotropic agents and complications or survival in TAVR procedures. On the contrary, low SvO 2 before RVP may be reflection of low cardiac output and heart insufficiency [9] which may be associated with higher risk of cardiac failure after RVP. However we could not verify this concept in our study due to the nonrandomized protocol.
Another study with SvO 2 monitoring during TAVR procedure compared this method with regional cerebral oxygen saturation (rScO 2 ) measured with near-infrared spectroscopy [8] . In that study there was also a significant decline in SvO 2 at the end of use of RVP, which is in agreement with our results. In this phase of the TAVR procedure the use of RVP evokes a minimizing of the pulsatile trans-aortic flow, which is comparable with cardiac arrest and complete hemodynamic collapse. This rapid hemodynamic changes and the time when there is no blood flow, are responsible for the decrease in the SvO 2 . There is another report of a decline in rScO 2 values during the use of the RVP in patients undergoing TAVR procedure [23] . In that report there was significant decrease detected in the values of rScO 2 during the RVP period and device deployment, results comparable with our findings. Furthermore, the SAP during released of the stent, under 50 mmHg, was on the same level as found in our study.
Many studies have described the use of the vasoactive and inotrope medication during the TAVR procedures. In the single-center observational study [24] of 36 patients undergoing TAVR procedure 31 patients (88%) received some vasopressor support but only five of 36 (18%) received inotropic support compared with 60% respectively in our study. Furthermore, here none patients needed CPB as compared with 4 patients in the Billings et al., study, who required the initiation of emergency CPB. In the study of Fassl et al., [25] the hemodynamic and anesthetic management was reported in 81 TAVR patients.
In the postoperative period inotropic support was used in 63% of patients, a value in parallel with our findings. In this trial, a norepinephrine infusion was needed in 31 patients during procedure (38%) and further bolus dose in 27 patients (33%) i.e. in 71% patients, as compared with 60% in present study. It has been claimed that the use of a prophylactic infusion of norepinephrine prior to the use of RVP during TAVR, improves hemodynamics and overall cardiac function and promotes a rapid hemodynamic recovery [26] . In our study all patients with cardiac failure needed inotropic support, but all survived and were discharged from the hospital. In this patient group the inotropic support was continued in the postoperative period over 30 minutes (data not showed) in the ICU department. According to our results, we suggest the use the continuous infusion of vasoactive agents initiated prior to the rapid pacing, to maintain he-Open Journal of Anesthesiology modynamic stability and to increase the blood pressure before starting RVP.
Low cardiac output syndrome after cardiac surgery is associated with significantly increased morbidity and mortality [27] . There is no consensus an exact definition of the low cardiac output syndrome, but the value of CI under 2 L/min/m 2 is used as a guide value to trigger inotropic support [15] [16] . The other definition of LCOS after cardiac surgery is the use of inotropic medication at least for 30 minutes to maintain to SAP over 90 mmHg or CI greater than 2.2 L/min/m 2 [17] . Sixty percent patients of our study have had LCOS, but in contrast to open heart surgery aortic valve replacement procedures, CI and CO improve more rapidly after the stent-valve deployment. At the end of TAVR procedure these parameters were at a better level than before use of RVP.
Cardiac output and CI were significantly lower after the induction of anesthesia because of the administration of cardiac depressing medication which evokes vasodilatation and a low preload, reflected in a reduced CO. In contrast SvO 2 was higher after the induction of anesthesia. This can be explained with 100%
pre-oxygenation provided before induction of anesthesia, and also due to the reduction in oxygen consumption after induction of anesthesia and muscle relaxation [28] . Although CO is the most important determinant of SvO 2 , but when the effect of vasoactive treatment on the relationship between mixed venous and regional saturation was examined, the correlation between CO and SvO 2 was weak r 2 = 0.32 [29] . CO and CI increased significantly after initiation of surgery, probably because of the tachycardia caused by pain, but SvO 2 was lower because of the higher surgical stress and oxygen consumption [28] .
All of the hemodynamic values decreased significantly after the use of RVP.
The SvO 2 increased more quickly to the same values before RVP in comparison with CO and CI. One explanation of this phenomenon is probably the use of 100% oxygenation during the RVP which increased the arterial oxygen tension and this was reflected in the higher SvO 2 values and more rapid recovery to the values before RVP than occurred with the CO and CI values. At the end of operation, SvO 2 values were at the same level as before RVP, and CO and CI were better than before RVP. According to our study results, the most hemodynamically hazardous steps during TAVR are the induction of anesthesia, the initiation of surgery and the use of RVP sequences, but they were transient in their nature and rapidly recovered to the normal values.
Study Limitations
In this observational study, we have measured only hemodynamic data during the TAVR operation and we have no post-operative data and no information about whether LCOS and insufficient oxygen delivery have implications for patient morbidity and long-term outcome after TAVR. Although the aim of our study was not to determine the risk of mortality and morbidity, it is noteworthy, that all patients were discharged from hospital and were alive 30 days later, nor were there any deaths related to cardiac failure.
Conclusion
In conclusion, a high incidence of insufficient oxygen delivery and cardiac failure requiring inotrope support was detected during the TAVR procedures.
However, the changes in the hemodynamic values were transient and were soon restored to normal. In summary, the low SvO 2 values during and after RVP seem to be of minimal importance, if the blood pressure and cardiac function are restored rapidly with vasoactive medication if necessary. The most critical points of the hemodynamic management during TAVR are the induction of anesthesia, the initiation of surgery and the use of RVP sequences. Based on our study results, we suggest that continuous infusion of vasoactive agents initiated prior to the RVP, achieves improved hemodynamic stability.
